Energy and force shaping
Citation for published version (APA):
Lomonova, E. (2010). Energy and force shaping. Technische Universiteit Eindhoven.

Document status and date:
Published: 01/01/2010
Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)
Please check the document version of this publication:
• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.
If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 09. Jan. 2023

Inaugural lecture
prof.dr. Elena Lomonova
5 November 2010

Visiting address
Den Dolech 2
5612 AZ Eindhoven
The Netherlands
Postal address
P.O.Box 513
5600 MB Eindhoven
The Netherlands
Tel. +31 40 247 91 11
www.tue.nl

/ Department of Electrical Engineering

Energy and
force shaping
Where innovation starts

Inaugural lecture prof.dr. Elena Lomonova

Energy and
force shaping
Presented on 5 November 2010
at the Eindhoven University of Technology

3

Introduction
“It is dangerous to be right in matters on which the established authorities
are wrong”, Voltaire.
I would like to share with you some stories about energy and forces, and I hope
I will be able to convince you of the beauty of physics, mathematics and
electromagnetic theory in particular. Some of these stories are very old, some
are quite recent, but all are from a book whose completion is not yet in sight.

figure 1
Aristotle
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Although you may well have the same understanding of the terms of energy and
forces as I do, I would still like to start with a short historical overview.
The ancient philosophers used the concept of force in the study of stationary and
moving objects and simple machines. However, thinkers like Aristotle and
Archimedes still made fundamental errors in their understanding of force.
These were due to an incomplete understanding of the sometimes non-obvious
force of friction, and a consequently inadequate view of the nature of natural
motion. Most of the previous misunderstandings about motion and force were
eventually corrected by Sir Isaac Newton. With his mathematical insight, Newton
formulated laws of motion that remained unchanged for nearly three hundred
years: a force is any influence that causes a free body to undergo an acceleration.
Force could also be described by intuitive concepts such as a ‘push’ or ‘pull’ that
can cause an object with mass to change its velocity, in other words to accelerate,
or that can cause a flexible object to deform. A force has both magnitude and
direction, making it a vector quantity. Newton’s second law can be formulated to
state that an object with a constant mass will accelerate in proportion to the net
force acting upon it, and in inverse proportion to its mass, an approximation which
only breaks down near the speed of light. But Newton’s original formulation is
exact, and does not break down at all: this version states that the net force
acting upon an object is equal to the rate at which its momentum changes.
Other concepts related to accelerating forces include thrust, which increases the
velocity of an object; drag, which decreases the velocity of an object; and torque,
which causes changes in rotational speed about an axis. Forces which do not act
uniformly on all parts of a body will also cause mechanical stresses, a technical
term for influences which cause deformation of matter. While mechanical stress
can remain embedded in a solid object, gradually deforming it, mechanical stress
in a fluid determines changes in its pressure and volume.
By the early 20th century, Einstein developed a theory of relativity that correctly
predicted the action of forces on objects with increasing momentum near the
speed of light, and also provided insight into the forces produced by gravitation
and inertia. This culminated in Albert Einstein’s theory of special relativity,
which postulated the absence of any absolute rest frame, dismissed the ‘aether’
as unnecessary (a bold idea that had occurred to neither Lorentz nor Poincaré),
and established the invariance of Maxwell’s equations in all inertial frames of
reference, in contrast to the famous Newtonian equations for classical mechanics.
But the transformations between two different inertial frames had to correspond
to Lorentz’s equations and not – as was formerly believed – to those of Galileo
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(called Galilean inertial transformations). Indeed, Maxwell’s equations played
a key role in Einstein’s famous paper on special relativity; for example, in the
opening paragraph of the paper, he motivated his theory by noting that a
description of a conductor moving with respect to a magnet must generate
a consistent set of fields, irrespective of whether the force is calculated in the rest
frame of the magnet or that of the conductor.
The definition of energy (from the Greek ‘νργεια – energeia’, ‘activity, operation’,
from ‘νεργς – energos’, ‘active, working’ is a quantity that is often understood
as the ability to perform work. This quantity can be assigned to any particle,
object or system of objects as a consequence of its physical state.
Different forms of energy include kinetic, potential, thermal, gravitational, sound,
elastic and electromagnetic energy. The forms of energy are often named after
a related force. The German physicist Hermann von Helmholtz established that all
forms of energy are equivalent – energy in one form can disappear but the same
amount of energy will appear in another form [1]. When energy is in a form other
than thermal energy, it may be transformed with good or even perfect efficiency
to any other type of energy. A restatement of this idea is that energy is subject to
a conservation law over time. Finally, work can be defined as transfer of energy,
or work is the application of a force over a distance.
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From energy to electrical
machines and actuators
The legal principle ‘ignorantia juris non excusat’, literally ‘ignorance of the
law is no excuse’, stands for the proposition that the law also applies to
those who are unaware of it.
Behind all these classical formulations we can find a long chain of energy
conversion technologies which daily bring us light, water, gas, electricity etc.
More than 90% of electrical energy in the Netherlands is generated by rotating
electrical generators, and approximately 60% of it is used to drive electric motors.
Millions of primary, secondary, auxiliary, moving and static energy converters
(generators, drives, actuators, transformers, inverters, rectifiers etc.) support
basic demands for transport, households, industry, hospitals etc. Both the
national and global demands for electrical energy are growing continuously
at double the growth rate of primary energy consumption. This tendency will
continuously grow due to the integration of electric vehicles into the whole
infrastructure of energy generation and distribution systems. A clear transition to
more electrical energy systems will be essential, in view of the key future
challenges of energy efficiency from primary fuel to the end-user, and the
integration of renewables. Power electronics and electrical drives are the key
technology to build the ‘next generation’ society with a stronger focus on electrical
energy. Power electronics is a much less mature technology, unlike electrical
machines which are dominated by material costs, and will continue to see

figure 2
‘Energy-efficient’ culture
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innovations due to the substantial improvement of conventional silicon devices
and their packaging technologies reaching higher junction temperature and
voltage levels. New wide band-gap material with substantial application benefits
will enter niche markets. Multiple new multi-level topologies will change power
electronics fundamentally to support energy efficiency and the direct connection
of power equipment.
Energy efficiency is the most important topic: a real step change in the efficient
use of primary and secondary energy is needed. Energy efficiency not only
requires a focus on efficient electrical power generation, including the mandatory
use of waste heat, hybrid and pure electrical transportation and increased
industrial process efficiency, but it also requires a reshaping of our demands for
accuracy, velocity and acceleration, and for consumption of torque and forces.
However, the view of the landscape of various industrial electromechanical
actuation systems (both rotary and linear) reveals completely different trends
which are affected by complex technological roadmaps, platform development,
systems integration and market barriers. Fashions change with regard to what is
economically viable but, perhaps more important, there are definite limits to the
extent to which the phenomena of electromagnetism and thermodynamics can be
exploited. The power and energy densities that can be achieved with current
technology are thermally limited.
However, within these limits there is much scope for fundamentally new concepts
and inventive ingenuity, particularly relating to electromagnetic actuators and
power amplifiers. One of the truly beautiful aspects of modern electrically driven
systems is its interdisciplinary nature.
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Roadmaps of research
“To accomplish great things, we must not only act, but also dream,
not only plan but also believe”, Anatole France.
The design and deployment of new electromechanical systems, either for highprecision systems or for electric vehicles, is much more challenging than it may
at first appear.
Let me start from the high-precision system demands, and present you with
a job advertisement by the world-leading manufacturer of lithography machines –
ASML.
“ASML is now working on chip systems in which a disk of photo-sensitive silicon
(the wafer) is illuminated at high speed. The wafer lies on the so-called wafer
stage, which weighs more than 35 kilos. It is passed back and forth under the
light, with an extreme acceleration and deceleration of 33 m/s2. Chips with 45 nm
details can only be made if, between acceleration and deceleration, you illuminate
the wafer with nanometer precision. One thousand sensors and eight hundred
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actuators control and, consequently, illuminate 180 wafers an hour.
Accelerating by 33 m/s2 or higher up to 100 m/s2 poses a challenge in itself.
Which motors do you choose? Where do you find amplifiers with 100 kW capacity,
120 dB signal-to-noise ratio and 10 kHz bandwidth? And that is just the beginning
– because the heat itself distorts the accuracy of your system as well”. This is the
job announcement that addresses and provokes the new generation of potential
employees.
Unfortunately, the answer to the questions posed in the advertisement is very
simple: it is almost impossible on the market to find either the required linear
actuation systems or the power amplifiers that can meet these needs and
demands.
Looking at the fashion in linear actuators – we could say that the first generation
of Lorentz actuators sprung virtually from the abandonment of a scrupulous fourdimensional electromagnetic analysis. The next generation of long-stroke linear
induction or brushless machines was simply developed on a purely trial-and-error
basis – the method described as ‘experience’. The problem with many of the
analyses performed is that while they can predict the performance of almost any
given structure with good accuracy, they rarely point the way to make a better or
new structure.
Although it is possible to describe any kind of electrical machine as a device with
interlinking of magnetic and electrical fields, the rotary and linear actuator
systems belong to two quite distinct groups which are fundamentally almost as
different as positive and negative numbers. The linear solutions differ from the
conventional rotary ones not only by their unlimited freedom in possible shapes
and motion profiles, but also by their larger airgap and consequently low
efficiency and power/weight ratio in all cases. Moreover, no comprehensive
analytical models and tools are available to assist engineers during design and
development.
In the next subsections we will make several topological journeys, and discover
a few concepts which open new horizons for complex mechatronics systems,
although their implementation requires the investment of a lot of labor and
money.
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Story I – Magnetically levitated planar actuators versus linear actuators
Wilbur Wright – “It is possible to fly without motors, but not without
knowledge and skill”. Letter to Octave Chanute (13 May 1900).
As already mentioned, motion systems in the ultra-high-precision industry, such
as semiconductor lithography equipment, pick-and-place robots for electronic
components, and real-time electron microscopy inspection should be able to
generate complex abrupt motion profiles with high speed and acceleration levels,
(sub-)nanometer accuracy and low settling times. To achieve these specifications
various linear actuator topologies, such as long-stroke or short-stroke actuators,
have been developed. These have static and dynamic linear characteristics, and
are insensitive to parasitic electromagnetic effects such as eddy currents (Foucault
currents) and hysteresis. In these actuation systems, the main principle of the
Lorentz force law is applied to produce forces with these specifications. To reduce
the moving mass and to make the system vacuum-compatible (without abrasion
and friction, crosstalks of multiple cascaded actuators and cable slabs that guide
the power and sensor cables to the moving parts of the machine), direct-driven
magnetically levitated planar actuators (Maglev systems) are being investigated
as alternatives to these stacked drives. The key physical insight in the design of
levitated planar actuators is that coil currents can be located in the spatially
varying field of a permanent magnet array so as to provide independently
controllable levitation and propulsion forces. The planar actuators have one
moving member, which is suspended above the stator with no support other than
magnetic fields. The gravitational force is fully counteracted by the
electromagnetic force. The translator of these ironless planar actuators can move
over relatively large distances in the xy plane (2D plane) only, but it has to be
controlled in six degrees of freedom because of the active magnetic bearing.
Planar actuators can be constructed in two ways. The actuator has either moving
magnets and stationary coils or moving coils and stationary magnets. The first
type of planar actuator does not require cables for electrical and mechanical
(cooling) connections to the moving part. Whereas classical electrical machine
designs are based on active length, stator bore and the magnetic and electric
loading, planar actuator designs are also dominated by the levitated mass,
end-effects phenomena. Calculation of the performance of planar actuators
(a combined propulsion and levitation system) is extremely difficult and laborious.
The analysis is essentially four-dimensional, and because all degrees of freedom
are intrinsically coupled, standard decoupling algorithms for synchronous
machines cannot be applied to the planar actuator to decouple the force and
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figure 3
Planar actuators versus linear actuators for high-precision machines

torque components. A novel commutation algorithm should therefore be derived
that inverts a fully analytical mapping of the force and the torque exerted by
the set of active coils as a function of translator position and orientation.
This algorithm will ensure minimal energy dissipation by the actuator and
smooth switching between different sets of stator coils.

Story II – Hybrid actuators and reluctance actuators
In the past decade, both the design of Lorentz actuators and the properties of the
materials of which they are made have been pushed to their absolute physical
limits in terms of force density (N/kg, N/m3) and achievable acceleration levels.
To cope with the ever-increasing demands for higher accuracies (nanometer level),
speed (5-10 m/s) and acceleration (over 100 m/s2), novel actuator topologies
including non-linear reluctance actuators should be considered as potential
candidates for the next generation of high-precision positioning systems.
However, the application of reluctance actuators in high-precision systems
requires breakthroughs in understanding, design and control of the spatial and
temporal force distributions inside the actuator, and distributed or continuum
description of electromechanical interactions.
Traditionally, force production in electromechanical systems is treated
macroscopically as the result of a quasi-static and conservative or lossless energy
conversion process among electrical, stored magnetic and mechanical energy.
From a fundamental point of view, the electromagnetic force is the result of forces
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acting on the microscopic particles of the material that are charged, or that have
an associated electric or magnetic dipole moment. In reluctance/hybrid actuators,
not only is the Lorentz force component (forces on the electric dipoles) present,
but also the Kelvin magnetization (polarization) forces (forces on the magnetic
dipoles) play a dominant role. The forces acting on individual magnetic particles
in ferromagnetic materials, such as iron and permanent magnets, are transmitted
through inter-particle forces to the macroscopic material as a whole. For highprecision actuators, knowledge of the space and time distribution of these forces
inside the actuator is critical to minimize parasitic forces and torques.
However, the space and time distributions of these forces inside reluctance
actuators due to eddy current phenomena and magnetic hysteresis are not well
understood, and make prediction of the dynamic performance of these actuation
systems a significant theoretical and technological challenge (an allegorical
analogy is given in Fig. 4). In theory, the resulting force is obtained from the
summation of the microscopic effects. Due to the extremely large number of
magnetic domains inside high-precision actuators, it is not feasible to study these
effects purely at the microscopic level. A thorough understanding therefore needs
to be gained of linking the distribution of the microscopic forces associated with
unpaired charges, with conduction currents and with the polarization and
magnetization of media, to the macroscopic field distribution.

figure 4
Ivan Aivazovsky. The Ninth Wave, 1850. The Russian Museum, St. Petersburg, Russia
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Story III – Gravity compensators
To build a high-precision machine, as many disturbances as possible should be
eliminated. Disturbances that cannot be eliminated should be known exactly so
they can be countered by advanced feedforward controls. Common sources of
disturbances are vibrations. With even higher requirements on future wafer
scanners, alternative suspension systems start coming into focus. Lithography
uses an electromagnetic device that has inherent passive gravity compensation,
is electrically adjustable, exhibits zero power equilibrium level, has integrated
sensors and has at least two degrees of freedom to allow for stabilization and
vibration rejection on the six rigid body degrees of freedom of the metro-frame.
Applications in which gravity compensation and/or vibration isolation are required
range from optical drives to automotive and high-precision engineering.
The design requirements for such actuators vary significantly and, therefore,
very different topologies present the research challenges.
In advanced scanning electron microscope inspection and micro-lithography
machines, a stable platform in three/six degrees of freedom (DOF) is required
(Fig. 5) to support and isolate the complex lens system of the machine from
vibrations. Up to now, it has often been possible to solve micro-vibration problems
within these machines by means of adequate isolation of the equipment from the

figure 5
Gravity compensator
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floor, i.e. the main plate is resiliently isolated from the floor, both passively and
actively. This isolation is performed by three high-performance air bearings with
additional linear actuators.
In order to provide an increased-bandwidth solution and to reduce overall energy
consumption, magnetic bearings are a possible substitute for the air bearings, for
example in combination with mechanical means or by fully magnetic means.
This can be implemented without thermal dissipation by using attraction/
repulsion between permanent magnets. One of the major difficulties in using
magnetostatic attraction/repulsion is that such a force between two permanent
magnets is highly position-dependent. For accuracy reasons, the position
dependency of the force, better known as stiffness, should be kept as low as
possible to prevent the transfer of vibrations. This new design philosophy aims to
overcome this position dependency by using different magnet arrangements in
which the magnetostatic force is at least substantially constant within a defined
operating volume, and is insensitive to parasitic movements in all degrees of
freedom within this volume.

Story IV – Autonomous ceiling robots and wireless energy transfer
There is increasing demand for industrial robots that can be suspended from the
ceiling. Generally, an industrial ceiling robot can reach a turning locus by an arm.
Increasing the stroke, speed, acceleration and accuracy requires an anti-gravity
high-performance robot which is magnetically suspended from the ceiling. Such a
motion system consists of a mover which is elevated from and can move along
the ceiling, Fig. 6. This autonomous ceiling robots will be applied in cleanrooms
for medical and semiconductor manufacturing processes with low level of
environmental pollutants such as dust, airborne microbes, aerosol particles, and
chemical vapors. The integration of passive and active elevation, motion actuation,
and contactless control and energy transfer to auxiliary devices is therefore
necessary. Contactless energy transfer describes the process in which electrical
energy is transferred between two or more galvanically isolated electrical circuits
by means of magnetic induction. The concept of the autonomous ceiling robot
includes the following aspects:
• Magnetically suspended mover,
• Planar motion along the ceiling,
• Failsafe operation,
• Contactless energy and data transfer,
• Integrated position-detection system for multiple movers.
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figure 6
Autonomous ceiling robot structure

Story V – Rotary electrical machines and power electronics for electric vehicles
“A posse ad esse” – from being able to being.
Before starting story V I would like to make a short overview of tendencies in
electric mobility.
Due to the EU’s increasing dependence on primary energy sources, the aspect of
electrical mobility is very likely the most motivating one. In the EU, 73% of all oil
(and about 30% of all primary energy) is consumed by the transport sector.
Biofuels and natural gas are making an important contribution to fuel security,
although this only applies to a small fraction of all applications. To quantify the
technological evolution that makes electrical mobility appealing, let us take as
a reference an ideal vehicle whose energy consumption depends only on mass,
aerodynamic drag (frontal area) and tire/road rolling resistance. In reality, the
amount of energy consumed depends strongly on the topology of the powertrain,
the chosen cycle and the energy needed for cooling or heating. To compare an
electric vehicle with one powered by a conventional internal combustion engine,
we take as a reference a mid-size vehicle (1300 kg) with an aerodynamic factor of
0.7 m2, conventional rolling resistance tires, and an ideal powertrain with 100%
efficiency. That means it will consume 120 Wh/km over the New European Driving
Cycle (NEDC).
Combustion engines made in Europe are among the most economical in the world
[2]. Their efficiencies can reach up to 0.45, although these efficiencies vary with
speed and load. From the well to the tank, it takes 8 to 12% of the energy in the
extracted oil to refine it into diesel fuel or gasoline. Taking into account real
driving cycles and a typical transmission efficiency of the order of 0.9, the overall
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well-to-wheel (WTW) efficiency of modern powertrains can be set in the range of
0.16 to 0.23. These values already include the most advanced innovations in fuel
and transmission controls. In reality, the consumption of primary energy is
therefore between 522 and 750 Wh/km. The peak efficiency of an electric motor
can reach 0.91 to 0.95 at defined power and torque values. It may fall to below 0.6
in extreme cases, but for a wide range of power and torque the average efficiency
can be kept at above 0.8 to 0.85. This means the electrical powertrain can be
designed to be intrinsically less sensitive to the characteristics of the driving cycle,
particularly when more than one motor is used. The overall combined efficiency of
power switches, DC/DC and AC/DC inverters can reach 0.9, while that of motors
and gears depends on the chosen driving cycle, with typical values ranging from
0.8 in case of large excursions of power and torque to 0.86 for smoother cycles.
In conclusion, from the battery via power electronics to the wheel, the modern
electrical powertrain can provide efficiencies in the range of 0.72 to 0.77. For an
electric car, the assessment of the well-to-wheel efficiency has to include on the
well-to-socket side the efficiency of the generation and the load losses in the
distribution of electricity. In most EU member states the average efficiency of
power plants is 0.45, while that of the power grid can reach up to 0.93.

figure 7
The first generation of electric vehicles in Germany, 1904
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Considering the whole chain of current conversion efficiencies power plants,
electrical grid, AC/DC inverter, energy-power storage systems in slow
charge/discharge modes, power electronics and electric motors), the well-towheel efficiency of the electrical powertrain can therefore be stated to be 0.24 to
0.26. This means the consumption of primary energy for the reference vehicle is
between 457 and 492 Wh/km. A comparison with the situation ten years ago
shows that, in the past decade, technological evolutions have radically changed
the impact of the electric vehicle on primary energy consumption: from about 30%
higher primary energy consumption compared with the internal combustion
engine in 1998 to about 25% energy savings in 2008. These figures do not yet
take into account the potential for energy harvesting, for example using modern
low-cost on-board photovoltaic technology. The growing fraction of renewable
energy in the EU electricity mix will increasingly enable the convergence of
CO2-neutral primary energy sources with electrical mobility. The well-to-wheel
assessments also show that introduction of EVs is less advantageous in countries
that have power plants and grids with below-average efficiencies, or when used in
the fast charge mode with maximum efficiencies reaching no more than 0.8 at
a low state of charge of the battery. In those cases priority should be given to

figure 8
Charging an electric car, San Francisco, 2010
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modernizing the energy production and distribution sectors. Moreover, for both
primary energy savings and longer battery lifetime, slow charge should be
suggested as best practice until next-generation batteries are available to ensure
high efficiency under accelerated charging conditions.
Clearly the convergence of renewable energies (RE) and electrified mobility
appears to be the most appealing. The emerging awareness of climate change and
pragmatic economic reasons will motivate electric vehicle drivers to demand ‘clean
electrons’, which commonly means electricity from renewable energy sources.
The EU-27 is paving the way over 60% of new power installations to use RE soon,
with the goal that new installations of RE could reach 90% before 2025. The long
path of development and realization of energy-storage systems, efficient drive
powertrain technologies, system integration, grid and transport integration, safety
and reliability that we will undergo together means that researchers and
customers will pay a high price for trials and errors.
The key electrical components of electrified powertrains are the electrical
machines and associated power converters required to ensure high efficiency,
reliability, robustness and cost-efficient production of hybrid and electrical
powertrains. By far the largest barrier in production of new energy efficient drives
and power converters, specifically designed for EV’s applications, is one of initial
capital cost. The majority of motor and drive purchases are made by the original
car equipment manufacturer (OEM) and not by the end-user. The OEM is
concerned mainly with selling cost rather than lifetime cost or special EV design.
Therefore, the OEM has little incentive to improve efficiency, and purchases
electrical components from a standard industrial sector which are hardly suitable
for automotive applications.
The development of a new generation of highly efficient and reliable electrical
machines and drives must be one of the key steps towards the electrification of
road transport. The principal technological bottlenecks are still represented on
one side by the limited capacity of the electrochemical energy storage
components, and on another side by the high material, production and
exploitation costs of the electrical components in a hybrid or pure electric
powertrain.
Most conventional types of electrical machines, i.e. brushed DC machines,
induction machines, switched reluctance machines or permanent magnet (PM)
synchronous machines, have been widely researched for such applications.
They all have particular strong and weak points in terms of efficiency, robustness,
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figure 9
Different structures of electrical machines – candidates for electric mobility

controllability and cost. However, all of them are subject to trade-offs between
these characteristics. The PM synchronous machines are the state-of-art in current
commercially available hybrid vehicles. They provide the highest efficiency,
although at the cost of a significantly higher price and lower robustness when
considering operation at high temperatures or in harsh environments.
The high-speed, low-frequency characteristics are also associated with potential
high-speed thermal issues. The availability and manufacturing prices of the
magnetic materials, permanent magnets in particular, are a significant factor in the
production costs of electrical machines. In exploitation, a lower efficiency,
especially at the extremes of the operating range, together with the need for
complex cooling solutions, also increases the cost of such technologies.
Furthermore, the absence of specialized design tools and environments
significantly adds to the development costs and time-to-market.
The large-scale introduction of electrified mobility therefore demands the
development of new electrical machines that do not suffer from trade-offs
between performance, reliability and cost, and the development of dedicated
advanced design environments. In this respect, the flux-switching machines could
be a leading candidate technology for high-power-density electrical drives with
reductions in the cost of technology and use of scarce raw materials. The moving
part of a flux switching machine simply consists of an iron structure with teeth.
This new class of machines is a hybrid motor type which combines the properties
of switched reluctance motors and synchronous permanent magnet motors.
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Future advances to 2050 and
beyond – roadmap of challenges
“Everyone thinks of changing the world but no one thinks of changing
himself ”, Lev Tolstoy.
The function of electromechanical drives is to convert electrical energy into
mechanical energy and vice versa. This is currently achieved almost exclusively via
a magnetic field. Are there any new processes of energy conversion that could
replace this method in the next 50-100 years? The answer is simple: there are
none as far as we know at the time of writing. Despite all the groundbreaking
achievements in micro- and nano-scale engineering, electromechanical systems
(especially those operating with increased throughput and high workpiece
accuracy) will hold their price, while the cost of electronic systems continues to
fall in keeping with Moore’s law.
The breakthrough progress of electromechanical and power electronics
engineering will depend strongly on new materials with new thermal properties,
and new methods of producing those materials. I would like to briefly mention
a few key challenges.
GaN-based power technology stimulates a revolution in conversion electronics.
Solution size can shrink by half due to reduced passives count and use of smaller
inductors. Envisioning the need for a paradigm shift, scientists have developed
a groundbreaking gallium nitride (GaN)-based power device technology platform
that promises to deliver a figure of merit performance that is at least an order of
magnitude better than the current state-of-the-art silicon MOSFETs. Once they are
commercially viable, these GaN-based power devices will enable solutions that are
poised to start a revolution in high-density, high-efficiency and cost-effective
power conversion technology.
The pure nanotube power cables, or ‘quantum wires’, could bring revolutionary
changes to electromechanics. The remarkable electrical, thermal and mechanical
properties of metallic carbon nanotubes make them attractive for interconnections
in nanoscale electronic devices. The future for nanotube technology looks very
promising: they are interesting model systems for fundamental studies of one-
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dimensional systems, but they are equally (or even more) attractive for applied
research and industry due to the wide variety of their potential applications.
The next step is for the achievements of the nanoworld to be scaled up to
the macro-world: pure nanotube power cables or ‘quantum wires’ may conduct
electricity up to 10 times better than copper with only about one-third of the
weight (Fig. 10), making them ideally suited for novel structures of innovative
electromechanical actuators.

figure 10
A 10-micron thick cord composed of carbon nanotubes. The knots demonstrate the material’s flexibility
(courtesy Paul Pascal Research Center, France)

The phenomena of the force generation between high-temperature
superconductors (HTSC) and a field excitation system can be used in different
contactless bearing designs for linear positioning systems and fast rotating shafts.
Superconducting magnetic bearings (SMBs) are one of the most promising
applications of HTSC. They are based on the force interaction of a magnetic field
excitation unit – permanent magnets – and HTSC bulks.
Owing to their function, the bearing capability is maintained for hours even after
a breakdown of the energy supply for supplementary machines such as cryocoolers or vacuum pumps. In contrast with active magnetic bearings (AMBs),
SMBs require no complex control units, have very high reliability and are not

22

prof.dr. Elena Lomonova

vulnerable to EMC problems, so that the auxiliary bearings can be designed with
reduced dimensions. Based on their favorable performance, SMBs present
advanced alternatives to AMBs.
Adaptronics – smart structure technologies and integrated design will open
new horizons. A smart structure involves five key elements: structural material,
distributed actuators and sensors, control strategies and power conditioning
electronics. With these components a smart structure would have the capability to
respond to changing environmental and operational conditions (such as vibrations
and shape change). Microprocessors analyze the responses of the sensors and
use integrated control algorithms to command the actuators to apply localized
strains/displacements/damping to alter the elasto-mechanical system response.
Actuators and sensors have to be highly integrated into the structure by surface
bonding or embedding without causing any significant changes in the mass or
structural stiffness of the system. Smart-structures technology is a highly
interdisciplinary field in which the associated methodology and technology are
still at an early stage of development. After a ‘hype’ phase with a peak probably
at the beginning of the 1990s in which expectations were very unrealistic, there
is now a pretty clear picture of the potential and limitations of smart-structures
technology. This is also the main reason why numerous applications of smartstructures technology are now continuously evolving to actively control vibrations,
noise and deformations. Applications range from aerospace systems to fixed-wing
and rotary-wing aircraft, automotive, optical systems, machine tools, medical
systems and infrastructure.
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Roadmaps of knowledge
There are in fact two things, science and opinion; the former begets
knowledge, the latter ignorance.
Hippocrates, (460 BC - 377 BC)
Next to research, I also want to talk about education – which is the main reason
for the existence of professors, universities and students in the first place.
There are some important remarks I want to make. The Netherlands is a
knowledgeable country. The Dutch government and the majority of R&D staff are
sure that the Dutch high-tech industry will be an important factor in strengthening
the general level of economic prosperity, and technology will help us to stay
wealthy. The Dutch government is investing billions of euros in research and
scientific innovation. Meanwhile, the experience of the 1980s and 90s shows that
the revolution in telecommunication and information technology, together with
tremendous social and financial support on the one hand and the relative
stagnation of energy engineering on the other hand, caused almost a vacuum of
new graduates. The cancellation of many courses dedicated to energy conversion
systems appeared to be imminent at that time.

figure 11
Volga Boatmen, Ilya Repin, 1873
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The real breakthrough and a tremendous boost to restore and rebuild electrical
energy engineering at 3TU was provided thanks to the special initiative and
arranging four calls of the national IOP-EMVT program (Innovation Research
Program – Electro-Magnetic Power Technology). It cost us 10 years for education
and research to transition from the reality of the doomed ‘Volga Boatmen’ to the
aspiration and liberty of the ‘Yacht Sailors’. During the past 10 years we had full
academic freedom to carry out fundamental research and align our knowledge
roadmaps with industrial needs. The broad landscape of projects and financial
support allowed us not only to improve our laboratory facilities and research
output up to the level of world-leading groups. It also gave us the chance to share
our innovative ideas at a national and international level, regain scientific respect
and reputation in the energy conversion subjects, and establish close cooperation
with different academic groups, especially in the area of control and mechanical
engineering. We have succeeded in creating a strongly motivated research group.
I am very pleased to see this, both as a scientist and as a teacher. Moreover, I am
very proud that our group is becoming attractive not only to international PhD
students, but mainly to Dutch students. This will definitely strengthen our synergy
with industry in the future due to the strong professional network.
The pressing needs of the environment, society and global competitiveness mean
that a paradigm shift is required in the delivery of new technology solutions, from
concept to widespread implementation. Fundamental and applied research lie at
the heart of this process; the delivery of timely, implementation-ready research
output is a key to achieving this paradigm shift. Key jobs that are mission-critical
and for which suitable candidates are hard to find will continue to include
electrical engineers with competences in power electronics, electromechanics,
electromagnetics and thermodynamics.
As a teacher I realize that I have to play the important role of the enlightener,
transferring our knowledge not only to the existing community of researchers
and engineers but also, and mainly, to the future generation of electrical and
mechanical engineers in energy conversion systems. The main aim in doing so is
to eliminate the existing social ignorance of subjects related to electrical drives,
electromechanical dynamics, computational electromagnetics and power
electronics. The crucial task is to maintain a knowledgeable and sustainable
national center of electromechanics and power electronics, at which both
fundamental disciplines are inherently coupled and cannot be separated from
control and signal processing, electrochemistry, and physical and mechanical
engineering.
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figure 12
En dansk yacht passerer Stevns, Christoffer Wilhelm Eckersberg, 1853
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Words of gratitude
“All grown-ups were children first. (But few remember it)”, Antoine de
Saint-Exupery, The Little Prince.
I arrived in the Netherlands with my son in 1998 and was full of naivety, hope
and energy. The fact that I am standing here today is due to the kindness, loyalty,
sacrifice and influence of many, many people, some of whom I would like to
mention by name with great appreciation and respect. First of all, I would like to
thank my dearest father for his mental and intelligent support through years, and
for suffering my absence for so long. Secondly, I would like to express my love and
gratitude to my son Kirill and my husband Victor, who on a daily basis accept my
scientific ambitions, support me in overcoming all the turmoil of professional life,
and tolerate my endless and awful absence from home.
I should like to extend my grateful thanks to all my friends around the globe,
who shared a joy and woe, success and failure with me and my family!
My Alma Mater is the Moscow Aviation Institute in Russia, and my interest in
electromechanics and electromagnetics began there under the kind guidance of
prof. Stanislav Mizuirin, who passed away in 2008. The brightness and scientific
integrity that he always showed made him the epitome of the true scientist.
The most significant role in my decision to come to the Netherlands was that of
dr. Ben Klassens. Without his invitation to hold a postdoc position at TU Delft,
and without his professional guidance according to western standards, I would
never have been able to survive in a completely new scientific environment.
Special words of gratitude are addressed to two Dutch students – nowadays
respected professionals in aerospace engineering – Michel Goedegebuure and
Marc Bouwmeester and their families. I will always be grateful for their friendship
and daily support in all facets of my life, especially during my first year.
At Eindhoven University of Technology, I had two great pieces of good fortune:
to meet an outstanding boss, professor André Vandenput, and the great freedom
that I found to achieve my own dreams. Simply starting as a good scientist and
teacher is not in itself enough to lead you to the position of full professor. I greatly
benefited from the excellent academic atmosphere in André’s group, and from the
unique chance to discuss and exchange a constant stream of ideas with him.
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André was a charismatic personality, and a talented teacher and leader – a man
who realized the miracle of turning me from who I was ten years ago into someone
who is now managing projects, starting new research directions and initiatives,
coaching PhD students while also learning from them, and much more. I am
addressing my words to André’s wife, dear Lisette: it is hard to put into words how
much I owe him and you for this period of my life and for your friendship. After he
passed away you still helped me to believe in myself. At a time when you were
suffering enormously yourself you managed to help me to deal with my own
mental pain and encourage me to take full responsibility for the group. Thank you
both for helping me to keep my mind in order, set the right priorities every time,
and keep looking ahead to the challenges we have to overcome. I still cannot be
as he was, and perhaps it is not even necessary. But every time I have a
management or leadership problem, my thoughts go out to him and I try to
imagine what he would do if he was in the same situation.
The chair I have the privilege of leading now is a unique opportunity, for which
I want to thank the Electrical Engineering Department of Eindhoven University of
Technology. I am personally grateful to professors Jan Blom, Ton Backx, Maarten
Steinbuch, Michel Antal, Paul van den Bosch and managing director Suzanne Udo
for their support, especially during my interim functions two years ago, and later
by taking the risk of supporting a female professor at this university. I would also
like to express my sincere gratitude to the Executive Board for believing in me and
in our EPE group.
Last but by no means least, the people I work with and have worked with: the EPE
group alumni, all the current PhD students, all the staff members – you cannot
imagine how important your presence, your being and your contributions have
been and continue to be for me. All of you together give me the energy I need to
continue my work, and I would like to thank you all most sincerely for that!
Ik heb gezegd.
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